A novel design of a three dimensional localiser is presented that is intended for autonomous robot vehicles. The design is implemented in air using ultrasonic beacons but can be adapted using sonar to underwater environments where it has important applications, such as deep sea maintenance and reconnaissance tasks. The paper also presents performance results of a laboratory prototype used to prove the design concept.
Introduction
Six degrees of freedom in position and orientation are measured by the three dimensional localiser described in this paper. Physical autonomy is a feature of the localiser since no physical connections are necessary with the environment.
Applications are possible in autonomous air borne and underwater autonomous robot vehicles even in poor visibility conditions. The work described here is an extension of a two dimensional localiser [ 1 41 and uses the three dimensional position determination algorithm described in [2] . The design of the prototype and algorithm for the determining orientation is described here for the first time.
Overview of the 3-D Localiser
The localiser employs at least four fixed beacons in known locations not lying in the same plane. The prototype has beacons placed at the coordinate system origin and along each of the axes as shown in figure 1. The beacons fire ultrasonic pulses that are received by the receiver array that is shown in the photograph in figure 3 . 
3.' Receiver Physical Design
The receiver consists of 32 ulmsonic receivers positioned on the centres of faces of a truncated icosahedron that has been chosen to match the angular receiving characteristics of the transducers and the number of faces. The normal vectors of adjacent the faces differ by 37.31 and 41.81 degrees corresponding to at most -15 dB receiver response with respect the cenne.
The receivers are interfaced to an 8 bit microprocessor by dividing the array of receivers into four colours, so that no two adjacent receivers are coloured alike. The receivers can then be interfaced to a microprocessor in four groups where at most one receiver in each group is active for an arriving pulse that simplifies the circuitry. The microprocessor interface allows interrogation of the sum of receivers of the same 
Position Determination
An iterative algorithm written in C and described in [2] is employed to find the position of the receiver centre in real time. Each new position is calculated in a few milliseconds on an IBM AT computer. The most significant constraint on the measurement delay is in the cycle time of the beacons which is set long enough for echoes to decay between firing. Measurements are produced every 900 msec in the prototype.
Orientation Determination
The three angles of orientation of the receiver are determined from the maximum amplitude receivers of two separate pulses. 3-D rotation transformations are calculated to match the normal vectors of these receivers to vectors to the corresponding beacons. The problem is illconditioned if the sine of the angle to the two beacons is small, and two beacons are selected from the four available to maximise the sine of the angle between them. There is also the problem that the angles between the pairs will not be the same in practice due to the discretisation in the receiver normal vectors (ie there are only 32 of them for a full solid angle). The approach taken is to match the pairs so that the emor is minimum and the same for each vector. Firstly the planes defined by the vector pairs are matched with Tplanes = T(unit(n1 x n2), unit(b1 x b2)). The bisector vectors, which now lie in the same plane, are matched, to produce the final transformation Tfinal = Tplanes. T(unit(nl+ n2).Tplanes, unit(bl+ b2))
Each row of Tfinal is the global coordinates of the localiser's local coordinate axes.
Performance of Prototype
Beacons were placed at 2600 mm along each of the coordinate axes and the following results were obtained assuming a speed of sound of 340 14s. The errors are due to the slow rise time of the received pulses from the beacons of approximately 500 p e c and error in estimating the speed of sound Number Localiser Reported Position (standard dev) mm
Future Work and Conclusions
Measured Pos. mm A three dimensional localiser has been designed, constructed and tested. The laboratory prototype performs to an accuracy of approximately 50 mm depending on the position. The size of the workspace could be extended to 10 metres on each axis with no modification of the hardware (if laboratory space permitted) with little change in the absolute error, based on experience with the two dimensional localiser.
Improvements planned are the use of an iterated extended Kalman filter to estimate the velocity, position, orientation and speed of sound at a faster rate of 1 measurement per received pulse. Further beacons can also be added beyond the minimum required number of four to improve the robusmess of the localiser. An underwater version is also being considered.
